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Qweak has used the parity violating asymmetry to test the Standard Model 
(SM) by constantly flipping helicity states of a longitudinally polarized electron 
beam that scatters in the unpolarized LH2 target. The main focus of the Qweak 
experiment at Jefferson Lab was the recently published determination of the 
proton’s weak charge. In order to make corrections to the measured asymmetry at 
low 𝑄2 due to inelastically scattered electrons, dedicated measurements were made 
of the parity violating asymmetry in the N→∆ transition at two different beam 
energies.  
The measured inelastic asymmetries are used to extract the low energy 
constant dΔ, which is an additional physics result. The low energy constant dΔ 
results in a non-zero asymmetry at photon point (𝑄2 = 0) and is recognized as the 
parity violating hadronic excitation in the N→∆ transition. This has been known to 
be relevant to some puzzles in radiative hyperon decays. Theoretical analyses 
indicate potential values of 𝑑∆ much greater than its natural scale. By using the 
Qweak apparatus, the parity violating asymmetry in the  N→∆ transition at 𝑄
2 = 
0.02 GeV2 was extracted to be Ainel,total = − 3.91 ±  0.80 (𝑠𝑡𝑎𝑡)  ±
 1.27 (𝑠𝑦𝑠𝑡) 𝑝𝑝𝑚, which constrains the low energy constant to be 𝑑∆ = ( 26 ±
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For decades, electron scattering experiments from nuclei have been used to study 
particle properties and nuclear structure. Experiments using electron probes are helpful 
because the electron vertex is governed by QED (Quantum Electrodynamics) and doesn’t 
suffer from uncertainty in the strong interaction when using pion or nucleon probes. 
Several studies and researches have been performed to search for new physics using 
electron-proton scattering for these reasons. 
The Qweak experiment was performed in Newport News, Virginia, at Jefferson 
Laboratory. This research involved many participating universities, professors and 
students. Under the ground of Jefferson Lab, an accelerator was installed. Additionally, 
the experiment was scheduled for 180 μA for 2200 hours. The Qweak experiment 
comprised of two different data sets. Data from January 2011 to May 2011 were taken 
called Run 1 and data were also taken from November 2011 to May 2012 called Run 2. 
In brief, at Thomas Jefferson National Accelerator Facility Hall C, the Qweak 
collaboration has performed an experiment on electron-proton scattering at very low 
four-momentum transfer, 𝑄2, using a longitudinally polarized electron beam scattering 




through the system’s toroidal magnet onto a set of detectors. Details of this apparatus will 
be given in later chapters of this dissertation. 
The Qweak experiment is a precise measurement experiment designed to use a high 
intensity longitudinally polarized electron beam to determine the parity violating (PV) 
asymmetry of the electron-proton elastic scattering cross section and search for 
phenomena that go beyond the Standard Model.  
This experiment has several physics measurements, two of which are the elastic 
and inelastic parity violating asymmetries. Jefferson Lab's Qweak collaboration has 
provided the first direct measurement of the weak charge of the proton, 𝑄𝑤
𝑝 . This thesis 
will mainly focus on inelastic electron-proton scattering, which was an ancillary 
measurement of the Qweak experiment as a whole to determine the low energy constant 𝑑∆ 
from the N → Δ asymmetry. By using the Qweak apparatus, which has used two kinematic 
beam energies to describe the electron-proton scattering for inelastic measurements, 
which create asymmetries used to exploit the interference between electromagnetic and 
weak amplitudes. 
A different measurement of the inelastic asymmetry took place in the Jefferson 
Lab G0 experiment by using the Continuous Electron Beam Accelerator Facility 
(CEBAF). Using parity-violation, G0 measured the strange quark contribution to the 
electromagnetic and weak form factors of the nucleon. To distinguish the electric, 
magnetic and axial terms that lead to the asymmetry, three measurements with different 
kinematics were required. Throughout taking the data, ancillary measurements were 




was able to place the first restrictions on the low-energy constant related to 𝑑∆, defining a 
remarkable N → ∆ asymmetry radiative correction [1,2]. 
A basic introduction is given in this chapter of the Qweak experiment, the 
electroweak interactions and the parity-violating asymmetry resulting from electroweak 
interference. In Chapter 2, more details about the theory and other significant information 
will be provided. An accelerator, beam monitors, liquid hydrogen target, Qweak luminosity 
monitors, toroidal magnetic spectrometer, triple collimators, numerous detectors, Møller 
polarimeter, and Compton polarimeter, which were developed and assembled by Qweak 
Collaboration, will be discussed in greater depth in Chapter 3. Data quality checks will be 
presented in Chapter 4. Data analysis for the PV N → Δ asymmetry, the effect of the 
results, and the expected work to be done by the Qweak collaboration to achieve the final 
outcome based on the actual data set will be provided in Chapter 5. Finally, a 
preliminary analysis, the final results for the PV N → Δ asymmetry, and physics 
implication will be presented in Chapter 6.  
1.1.1 Qweak Experiment Introduction 
As mentioned previously, Qweak has extracted two PV asymmetry measurements, 
elastic and inelastic, from electron-proton scattering. Elastic and inelastic measurements 
create asymmetries, which are used to exploit electromagnetic and weak interference. 
Furthermore, the electromagnetic interactions maintain parity symmetry unlike the weak 
interactions. Thus, the magnitude of the parity violation of the weak interaction can be 





The elastic parity violating asymmetry measurement is the primary measurement 
in the Qweak experiment that measures the weak charge of the proton at low four-
momentum transfer, 
e-⃗⃗   + p → e- + p,                    (Eq. 1-1) 
 
while the inelastic is an ancillary measurement that determines the new physics in the 
N→ ∆ channel as represented as the equation below [3]: 
e-⃗⃗   + p → ∆+ + e- → N + π + e-.                  (Eq. 1-2) 
 
The measurement of the inelastic asymmetry is related to the proton's axial 
transition form factor (𝐺𝑁∆
𝐴 ) through excitation to the ∆ resonance. A parity-violating Z 
boson exchange, which determines how the spins are redistributed during the proton’s 
transition to the ∆ resonance, drives this reaction. One radiative correction to this 
asymmetry that is defined by the low energy constant d∆, involves the standard 
electroweak radiative correction known as the Siegert term. 
Moreover, an exciting feature of a radiative correction associated in the inelastic 
asymmetry is that it does not require it to be zero at 𝑄2 = 0. The scale of d∆ is of order. 
𝑔𝜋 , the hadronic parity-violating (PV) coupling constant for charged current interactions 
and its value is 𝑔𝜋 =  3 × 10
−8 [1]. In addition, gπ is known as is the natural scale for d∆. 
The Siegert term results from a 𝛾 coupling inside the nucleon to a multi quark-quark 
interaction. In weak hyperon decay, the same QCD dynamics that drive this interaction 
induce larger negative values for asymmetry parameters than the predicted symmetry 
breaking effects suggest. 
In recent decades, in developing the standard model of particle physics, the 




unique information about the basic quark structure of the nucleons [4]. More details of 
the asymmetry model and the inelastic PV N → Δ asymmetry measurement will be 










Since the main focus of interest in this dissertation is to determine the inelastic 
parity-violating asymmetry due to electron-proton scattering in the N→∆ transition at 
low 𝑄2, this chapter will represent some theoretical details about this topic.  Physics 
motivation and introduction of the Standard Model (SM) will be described. Moreover, in 
the electroweak interaction and parity violation section, a general formalism will be 
presented. In addition, there will be explanation why inelastic asymmetries should be 
determined. After that, brief details will be presented about the ∆ resonance and the 
extraction of 𝑑∆.  
 
2.1 Physics Motivation 
 
The Standard Model (SM) describes how three of the fundamental forces 
(electromagnetic, strong, and weak) describe the basic properties of matter and 
interactions. The strengths of each of the four forces (including gravity) are different, as 
shown in Table 2-1 [5].  
In the Standard Model, elementary particles are generally classified into two 
groups: bosons, which are also called the force particles, and fermions, which are known 




 the interactions between the matter particles. Fermions are particles with a 1/2 spin, and 
they make up the matter [6]. The fermions have two types: leptons and quarks  
(Figure 2-1). 
 
Table 2-1: Four fundamental forces in the universe with the strengths, carrier names, and 
symbols of the interactions [7] 
 
Force Relative Strength Carrier Name Symbol 
Strong Force 1 gluon g 
Electromagnetic Force 10−2 photon 𝛾 
Weak Force 10−6 bosons Z0 & W±  






















Figure 2-1: Fundamental particles chart for fermions (quarks & leptons) and bosons 
 
 
Up and down, charm and strange, and top and bottom are six flavors of quarks, 
while the lepton flavors are electron and electron-neutrino, muon and muon-neutrino, and 
tau and tau-neutrino. These comprise the three families described by the SM. Moreover, 
Up              Charm           Top 
 
Down          Strange        Bottom    
Electron            Muon              Tau 
Electron         Muon              Tau 
-neutrino       -neutrino         -neutrino    
 
 
Gluon   
 
 

































the four fundamental interactions, electromagnetic, strong, weak and gravitational, are 
mediated by the bosons with an integer spin and they are gluons, Z0 bosons, W- bosons 
and W+ bosons, and photons, 𝛾. Eight gluons mediated the strong force and photons 
mediate the electromagnetic force; However, the weak force is mediated by the Z0 and 
W± bosons, which are most important to this study. 
The weak nuclear force is responsible for radioactivity and shows special 
asymmetry characteristics. It is impossible to see these special features with the other 
forces. One of the basic mechanisms of symmetry in particle physics has become a 
scattering system and its mirror image, known as parity violation. Because the weak force 
has short-range impact, it has many significant benefits. It helps to produce sunshine. The 
sun's energy is generated in a sequence of nuclear reactions that happen inside the sun 
when hydrogen fuses or burns into helium. So, the weak force is responsible for the first 
reaction in this series, the transition of hydrogen into heavy hydrogen (deuterium). The 
production of solar energy would never have been achievable without the weak force. 
Furthermore, it allows specialized medical services and adequate treatment as well. For 
example, the weak force for medicine and technology involves a practical application 
within the radioactive elements, that are typically beta radioactive. On the other hand, it 
allows the age of natural materials to be defined and the age of earth to be determined as 
well [8].  
 
2.2 Electroweak Interaction and Parity Violation 
The description of hadron structure has been improved successfully over the past 




significant interest recently. Electron-proton interaction scattering at tree level can be 









Figure 2-2: Feynman diagrams at the tree level electron scattering for the 
electromagnetic and weak interaction.  
 
 
A parity operation, 𝐏, is a procedure on a particle interaction system, which 
involves changing the system with its mirror image. In another words, parity is a 
dimensional coordinate transformation that inverts all coordinates. 
   𝐏 𝜓(𝑥, 𝑦, 𝑧)  =  𝜓(−𝑥,−𝑦,−𝑧)               (Eq. 2-1) 
 
where 𝜓(𝑟 ) is some QM state. 
 
Parity violation happens when the interaction between particles and its mirror 
image interaction is not identical.  
Parity was assumed to be conserved; however, Lee and Yang were the first to 
observe that it was violated in 1956 [9]. In 1957, parity violation in weak interactions 
theory was developed by Madame Wu and his group. So, he proved that the weak force 
has a non-conservation of parity, even though, the strong and electromagnetic forces 
conserve parity. The weak interaction is governed by the Z boson with MZ = 91.2 GeV 
[10]. In 1978 at SLAC, Charles Prescott and his team found a parity violation in the 
neutral current of the exchange of Z0 neutral or W± charged with MW = 80.4 GeV, in the 










Qweak has used the parity violating asymmetry for electron-proton scattering to 
examine the Standard Model (SM). So, the Standard Model can be tested with precision 
by constantly flipping helicity states of a longitudinally polarized electron beam that 
scatters from an unpolarized target. Moreover, the electroweak neutral current interaction 
may involve the exchange of one of the theoretical two neutrally charged bosons: the 













 is the electromagnetic neutral current, 𝒥𝜇
𝑍𝜇
is the weak neutral current, 𝑄𝑖 is the 
electromagnetic charge, 𝜓𝑖 is any given fermion spinor, 𝑔𝑉 is 2T3− 4 Q sin
2θW, 𝑔𝐴 is 2T3, 
𝛾5 is Dirac matrix, and T is the 𝑆𝑈𝑐(3) isospin .  
Henceforth, the scattering matrix of the electromagnetic and weak elements of the 
















𝑍𝑝 .    (Eq. 2-5) 
 
where GF is the Femi coupling constant and α is the electromagnetic coupling constant. 
 
The Qweak cross section for the two helicity states can be determined by using the 
tree level matrix elements of the electromagnetic and weak interactions as shown, 





2 +  2 ℜ𝑒{𝛭𝛾𝑀𝑍
∗  },  (Eq. 2-6) 
 
𝜎+ − 𝜎− =  2 ℜ𝑒{𝛭𝛾𝑀𝑍





Now, the parity violating asymmetry for electron-proton scattering can be 
calculated by measuring the asymmetry of the right and left-handed electron cross 








.    (Eq. 2-8) 
 
where 𝐴𝑃𝑉 is the parity violating cross section asymmetry for longitudinally polarized 
electrons elastically scattered from an unpolarized nucleus in the Born approximation, 
𝜎+ is the cross-section for the electron-proton scattering right-handed electrons while 
𝜎− is the cross-section for  left-handed electrons with spins either parallel or antiparallel 
to the beam direction [14]. The spin of a right-hand electron is parallel to its momentum, 
while the spin of the left-handed electron is antiparallel to its momentum. 
 
2.3 Inelastic Parity Violating Asymmetry 
 
The question of why does Qweak need an inelastic measurement in addition to 
measuring the elastic asymmetry deserves to be answered. There are two explanations 
why inelastic asymmetries should be determined. The first one is to correct the primary 
elastic measurement for the inelastic background asymmetry, while the second one is for 
using the N→ ∆ asymmetry to access 𝑑∆, a low energy constant related to hadronic parity 
violation [15]. 
The inelastic contribution to the acceptance of Qweak is determined by the output 
of the ∆ resonance. The N→∆ transition can be pictured as the Z boson (neutral current) 
flipping a single quark spin in the constituent quark model. When the electron interacts 




will be excited to its first resonance (∆+). After that, it will decay to a pion and a nucleon 















2.3.1 The ∆ Resonance 
 
The nucleon's excited states were examined in a significant number of 
experiments. So, these experimental studies were performed using electromagnetic and 
strong probes in the excitation of this resonance. Only few studies with weak probes have 
been performed [16].  
The ∆ is one kind of baryon and is the nucleon's first resonance with 1232 MeV/c2 
mass and a total spin J=3/2. Moreover, the ∆ would be any arrangement of three up 
and/or down quarks with parallel spins. Since quarks are 1/2 spin fermions, a proton's 
total spin is J=1/2 and it can be determined by the total amount of its constituent quarks ' 
spins. The mass of proton is 938 MeV/c2. Because it has three quarks, two of the valence 
quarks have parallel spins while the third is antiparallel. 
The lifetime of the ∆ has been found to be 5.58 × 10−24 𝑠 with width of 118 












only can decay through the weak force have longer lifetimes [17]. The ∆ can decay away 
quickly. 
Table 2-2 shows a summary of the ∆ Resonance and the nucleons’ properties. 
As shown, ∆+ has the same combinations of the number of the quarks as the proton, two 
up quarks and one down. Thus, the ∆0 has the same combinations of the number of the 
quarks as neutron, two down quarks and one up. They decay fast through the strong 
interaction. Furthermore, ∆++ has three up quarks. However, ∆-  has three down quarks. 
 




Symbol # of 
Quark 






∆++ uuu ↑↑↑ 3
2




∆+ uud ↑↑↑ 3
2




∆0 udd ↑↑↑ 3
2




∆- ddd ↑↑↑ 3
2




proton P uud ↑↑↓ 1
2




neutron n udd ↑↓↓ 1
2






In order to make them all parallel, a photon could interact with a nucleon and flip 
the spin of one quark. In the same way, a Z0 boson can create a ∆ resonance. The N→∆ 
transition can be pictured as the Z0 boson (neutral current) flipping a single quark spin in 
the constituent quark model. Such reactions can only produce a ∆+ if the target particle is 
a proton and ∆0 if it’s a neutron. However, to create ∆++ or ∆-, nucleon must interact with 
a neutrino because it has a weak charged current that causes a quark to change its flavor 




experiment and parity-violating asymmetry in the N→△ transition at very low 𝑄2, we 
are only interested on the ∆+.  
2.3.2 𝒅∆ Extraction 
 
2.3.2.1 Inelastic parity-violating asymmetry measurement 
 
The inelastic parity-violating asymmetry measurement is a secondary 
measurement of the Qweak experiment which has two measured kinematics (877 MeV and 
1.16 GeV) to seek new physics in the N→ ∆ channel. The low energy constant 𝑑∆ can be 
determined from the N→ Δ asymmetry [11]. It is expected that the inelastic asymmetry 
will be 10 times greater than the elastic asymmetry based on theoretically predicted 
values of these observables [19].  
The ∆ resonance dominates the inelastic contribution in the Qweak acceptance as 
found through simulation. The elastic tail contributes about 3/4 (~75%) of the yield 
(Figure 2-4), but that fortunately the elastic asymmetry has been measured very precisely 
by the Qweak experiment, so the uncertainty in the background contribution due to this 
effect is reduced due to the precise asymmetry result and the reduced uncertainty on the 







Figure 2-4: Total yield simulations including elastic and elastic radiative tail from the 
proton and the Al endcaps, inelastic Δ and Δ radiated, as well as π-‘s from the proton and 
the Al endcaps as a function of QTOR current (A) [20] 
 
 
From Figure 2-3, when the interaction happens between the electron and the 
proton, there will be an energy loss. The loss of the energy from the electron will be 
given to the proton. The proton will be excited to the nucleon's first resonance, the ∆+. 
Then, it will decay to a (π) meson and a nucleon. The interaction of the inelastic PV 
asymmetry would be expressed as the following: 
e-⃗⃗   + p → e- + ∆+ → N + π + e-     (Eq. 2-9) 
This inelastic interaction has a change in isospin of one as the following: 





  = 1        (Eq. 2-10) 
Moreover, this interaction has a neutral weak current: 
Total Simulation 















3]   (Eq. 2-11) 
where 𝑉𝜇
3 is the SM vector current and 𝐴𝜇
3  is the axial vector current. Since the isospin is 
1, the transition is isovector (T = 1). 
There are many contributions to the inelastic asymmetry and combining them 
contributes to a simplified expression for 𝐴𝑁∆
𝑃𝑉  [21, 22]: 
𝐴𝑁∆








π ],     (Eq. 2-12) 
 
where GF is the Femi coupling constant [21], α is the electromagnetic fine structure 
constant, ∆(1)
π  is the T=1, standard model coupling (isovector weak charge), ∆(2)
π  are the 
non-resonant contributions, and ∆(3)
π  is the T=1, axial vector nucleon response during its 
transition to the ∆ resonance.   
The ∆(1)
π  is the isovector weak charge which contains the axial-vector coupling of 
the electron to the Z in the Standard Model, which is independent of the hadronic 




𝑇=1         (Eq. 2-13) 
 
∆(1)
π = 2 (1 −  2 sin2 θW)                  (Eq. 2-14) 
 
where 𝑔𝑉
𝑒  is the axial vector electron coupling to the 𝑍0 which is equal to −1 +
 2 𝑠𝑖𝑛2𝜃𝑊, 𝜉𝐴
𝑇=1is the isovector hadron-𝑍0 vector current coupling and it’s equal to −2. 
The ∆(2)
π  terms included are the non-resonant contributions and have isovector and 
isoscalar contributions. Thus, the ∆(2)
π  term has a small contribution in the Qweak 
experiment. So, it has both terms of resonant and non-resonant. Hammer and Drechsel 
have discovered that ∆(2)




the opposite sign, so it neglects the overall effect of the non-resonant terms. [1,21,22].  . 
∆(3)
π  is  T=1 and it includes all the axial hadron response information. 
The terms from  ∆(3)




𝑇=1𝐹(𝑞2, 𝑠),              (Eq. 2-15) 
where 𝐹(𝑞2, 𝑠) is a function which includes a combination of electroweak response 
functions to parity-violating (PV) and parity-conserving (PC) terms, and s is the square of 
the total energy in the center of the mass frame where [19,22]. 
∆(3)
π ≈ 2(1 −  4𝑠𝑖𝑛2𝜃𝑊)𝐹(𝑄
2)        (Eq. 2-16) 
 




𝐴 (𝑄2)               (Eq. 2-17) 
 
where 𝐻𝛾(𝑄2), 𝐺𝑁∆
𝐴 (𝑄2)  are the electromagnetic and axial transition form factors, 
respectively.   
Detailed derivation of the axial transition form factor can be found in S.P. Wells 
[23] who separated it into the individual transition form factors 𝐶3
𝐴, 𝐶4
𝐴, and 𝐶5





𝐴           (Eq. 2-18) 
 










 [(𝑀 + 𝑀′)(𝑀 − 𝑀′) + 𝑄2],    (Eq. 2-20) 
 
𝑔5 = −𝑀
2,           (Eq. 2-21) 
 
The 𝐶𝑖(𝑄
2) values are calculated from fits to the charged current data and they are 
fit-dependent. Thus, the Adler values of these coefficients were found from these fits to be 
[24]: 
 𝐶3






𝐴(0) = −0.35,             (Eq. 2-23) 
 
𝐶5
𝐴(0) = 1.20.             Eq. (2-24) 
 
The formalism to the asymmetry that has just been discussed was limited to 
interactions at tree level (see Figure 2-2). Zhu et al found that it was interesting to include 
radiative corrections to the asymmetry at low 𝑄2 with the potential consequence that 
𝐴𝑁∆
𝑃𝑉(𝑄2  =  0) ≠ 0 [23].   
The radiative effects may be divided into two classifications: one is related to the 
electroweak radiative corrections, which is simply electromagnetic induced by a single 
loop of photons and one which we call multi-quark corrections, and includes weak 
interactions within the proton among quarks, and 𝑑∆ is in this category (Figure 2-5).   
Furthermore, a nonzero asymmetry 𝐴𝑁∆
𝑃𝑉(𝑄2  =  0) ≠ 0 demands a mass 
difference between the initial and the final states which can’t be found in the elastic 
electron scattering due to the fact that the nucleon does not change mass according to Zhu 
and others [19,25]. Thus, the final result of ∆(3)
π  can be written, including radiative 
electroweak effects: 
∆(3)
π (𝑡𝑜𝑡) =  ∆(3,SM)
π + ∆(3,𝑆𝑖𝑒𝑔𝑒𝑟𝑡)
π + ∆(3,𝐴𝑛𝑎𝑝𝑜𝑙𝑒)
π + ∆(3,d Wave)






Figure 2-5: Feynman diagrams describing resonant pion electroproduction for ∆ 




π (𝑡𝑜𝑡) = 2(1 −  4𝑠𝑖𝑛2𝜃𝑊)(1 +  𝑅𝐴
∆) 𝐹(𝑄2)            (Eq. 2-26) 
 
∆(3)
π  ∝ (1 +  𝑅𝐴
∆) 𝐺𝑁∆
𝐴                   (Eq. 2-27) 
 
where 𝐺𝑁∆
𝐴  is the axial transition form factor which describes how the spin of the proton 
redistributes during its transition to the ∆ resonance and 𝑅𝐴
∆ includes all radiative effects 
in Eq. 2-29. Equation 2-27 shows that ∆(3)
π  is proportional to the dominant radiative 
corrections and the axial transition form factor, 𝐺𝑁∆
𝐴 .  Also, AN∆
PV  gives direct access to 
𝐺𝑁∆
𝐴 . Since the N → ∆ PV asymmetry is dominated by the Siegert contribution at low 𝑄2, 
the Siegert term can be written as, 















is the dominant N→∆ vector transition form factor, includes electromagnetic 
form factor details and it has a value of 1.85 [27] and Λ𝜒 = 4 𝜋 𝐹𝜋 is the mass scale for 
SU(3) symmetry breaking effects which is about 1 GeV [19].  
Besides the non-resonant contribution to the N→ ∆ parity-violating asymmetry, 







𝐵𝑜𝑥 + ⋯  (Eq. 2-29) 
 
where 𝑅𝐴
∆ is the total radiative correction and includes the standard electroweak radiative 
correction, 𝑅𝐴
𝑆𝑖𝑒𝑔𝑒𝑟𝑡
 is the Siegert term, 𝑅𝐴
𝐴𝑛𝑎𝑝𝑜𝑙𝑒
is anapole term, 𝑅𝐴
𝐵𝑜𝑥 are the box 
diagrams, and the + · · · · imply some contributions from other non-included multiple 








Even though it derives from the same Feynman diagram describing anapole term 
contributions as shown in Figure 2-6, a photon coupling to a PV γNΔ hadronic vertex, 
one correction requires an electric dipole transition matrix element. 
𝐴𝑁∆











where 𝜔 is the energy of difference between the ∆ and proton which doesn’t occur in elastic 
scattering. 
The theory predicts overall asymmetry contributions, which as shown in 
Figure 2-7 as a result of Siegert's theorem, the leading component of the contribution of 
this transition amplitude is independent of 𝑄2 and is proportional to the PV E1 matrix 
element, which is defined by a low energy constant 𝑑Δ, which results in a non-vanishing 
PV asymmetry at 𝑄2= 0 as shown in Equation 2.30. Moreover the 1 𝑄2⁄  from the photon 
propagator in Figure 2-6 cancels the leading 𝑄2 dependence (tree level expression), 
resulting in a possibly non-zero 𝐴𝑁∆




Figure 2-7: The inelastic asymmetry components, ∆(1)
π , ∆(2)
π , and ∆(3)
π  plotted at low 𝑄2. 
The solid, dashed-dotted, dotted and dashed lines represent ∆(3)
π  starting from 0 to 100 𝑔𝜋 
[19].  
 













Therefore, a measurement of the PV asymmetry in the N→ Δ  asymmetry at the 
photon point (or  at very low 𝑄2), which is called the Siegert contribution, provides a 
direct measurement of the low energy constant 𝑑Δ , hence creating a  constraint for this 
and other reactions involving 𝑑Δ for the weak Lagrangian as mentioned previously. 
2.3.3 Implications for Other Measurements  
 
The up, down, and strange quark masses are expected to be identical in the 
predicted exact SU(3) limit. Hence, symmetry breaking is linked to the mass difference 
of strange quarks and up or down quarks, which is approximately 15 %. 
(𝑚𝑠− 𝑚𝑢)
Λ𝜒
≈ 1 𝐺𝑒𝑉 ∼  15%,    (Eq. 2-31) 
 
where 𝑚𝑠 = 101 𝑀𝑒𝑉,  𝑚𝑢 = 1.7 𝑀𝑒𝑉, and  𝑚𝑑 = 4.1  𝑀𝑒𝑉 are the masses of the 
strange and up or down quark respectively [28]. 
In weak hyperon decay (e.g. Σ+→ p + γ) ∆S = 1 (strangeness changing), 
asymmetry parameters found to be five times larger and have opposite sign than what 
SU(3) symmetry breaking predicts. Experiments were conducted through measuring the 
angular distribution of the polarized Σ+ decay products. A Feynman diagram for this 
reaction is shown in Figure 2-8. The same PV E1 matrix element related to 𝑑Δ described 





















 mass intermediate state resonances (Figure 2-9) , where the weak 
Lagrangian allows both the hyperon and the daughter nucleon to be coupled to the 




Figure 2-9: Radiative hyperon decay of Σ+ with a heavy 
1−
2
 mass intermediate state [26] 
 
 
It has also been shown that this same reaction process simultaneously reproduces 
the s− and p− wave amplitudes in nonleptonic hyperon decays, which was also a mystery 
in the physics of hyperon decay. A similar model in the ∆S = 0 (strangeness conserving) 
channel suggests enhanced values for 𝑑∆ could be as large as ∼ 100 𝑔𝜋. The measurement 
of 𝑑∆ in the ∆S = 0 channel could therefore shed light on the unexpectedly large SU(3) 
symmetry breaking effects seen in the ∆S=1 channel. A measurement of this quantity could 
thus provide such a glimpse into the basic dynamics of the unexpectedly large effects of 
breaking QCD symmetry seen in hyperon decay [29]. 
In conclusion, Zhu's predictions of the 𝑑∆ resonance model contribute to an 
expected best value of 𝑑∆ = 25 𝑔𝜋. A recent reliable analysis will be represented in this 












EXPERIMENT AND QWEAK APPARATUS 
 
 
3.1  Introduction 
 
The Qweak experiment took place at Thomas Jefferson National Accelerator 
Facility (Jefferson Lab), which is one of the national laboratories of the Office of Science 
of the U.S. Department of Energy (DOE) in Newport News, Virginia. Physically, this 
experiment was scheduled for 2200 hours of beam time to achieve the statistical precision 
to meet the goals of measuring the proton’s weak charge to 4% precision. 
The Qweak apparatus was customized specifically for this experiment at Jefferson 
Lab in Hall C to measure the 𝑒 𝑝 asymmetry with the high luminosity, large acceptance, 
and systematic control required. This apparatus was used to measure the PV asymmetry 
in the N → ∆ transition as well (Figure 3-1). This dissertation provides details about the 
custom apparatus, and some details about its performance and how it achieved significant 
technical milestones. The figure below shows a schematic of the Qweak apparatus 
including the liquid hydrogen target, collimators, luminosity monitors, toroidal magnet, 
and Cherenkov detectors, as well as the drift chambers used for the tracking 











Table 3-1:  Qweak parameters and target properties [1] 
 
Parameter Values 
Target Length 35 cm 
Beam Current 180 μA 
Beam Power 1800 W 
Raster size ~ 4 × 4 mm2 
Luminosity ∼ 1.5 × 1039 s−1cm−2 
cooling power 2500 W 
LH2 flow Density 1.1 kgs−1 
Central scattering angle 9 ± 2º 
Incident beam energy 1.16 GeV 
Beam polarization Run1 85 % 
Beam polarization Run2 88% 
𝑸𝟐 0.02 GeV2 
 
 
Ultimately, the Qweak experiment approaches and the devices are covered in 







The beamline begins with the photocathode and ends with the liquid hydrogen 
target. Further, the beam property monitors show significant electron beam status 
readings. So, we need all these data to minimize the noise at the helicity reversal 
frequency, described in the next section.  
3.2.1 Accelerator 
Jefferson Lab's Continuous Electron Beam Accelerator Facility (CEBAF) 
independently supplies beam to three experimental halls and these nuclear halls are 
known as Hall-A, Hall-B, and Hall-C as shown in Figure 3-2, with a continuous beam of 
polarized electrons. The CEBAF can accelerate electrons by using superconducting 
radiofrequency (SRF) cavities. The CEBAF accelerator length is around eight miles for a 
full cycle. Figure 3-3 shows an accelerator schematic [1].  
In this experiment, the longitudinal polarized beam begins at the source. After 
that, it passes through a sequence of spin rotators and accelerates to Hall-C through two 
linear accelerators [32]. The source of electrons is produced by a gallium arsenide 
photocathode (GaAs) and can emit 0.3 mA. The laser is circularly polarized in front of 
the Gallium-Arsenide (GaAs) photocathode using a Pockels cell. The beam polarization 





Figure 3-2: The Continuous Electron Beam Accelerator Facility (CEBAF) aerial photo 
with the three experimental halls, Hall A, Hall B, and Hall C, shown as the three green 





Figure 3-3: Schematic layout of the beamline accelerator at Jefferson Lab (CEBAF) [1]  
 
 






Whereas the beam is still linearly polarized, the half-wave plate (HWP) is inserted 
into the laser light in order to reverse polarization and flip the spin of the electron by 
180º. Moreover, the half wave plate (HWP) is mainly used to invert the helicity of the 
electron beam without modifying the electronic signal, which helps to separate the false 
asymmetry effects. In addition, the false asymmetry effects can lead the signal to change 
with the electronic helicity signal. However, this does not alter with the helicity of the 




Figure 3-4: Graphic illustrating the procedure of generating circular polarized light [32] 
 
 
The Pockels Cell is then used in this experiment to transform linearly polarized 
light into circular polarized light through the use of induced birefringence. After that, a 
rotatable half-wave plate (RHWP) is placed to flip the remaining linear polarization to a 
circular polarization. It also decreases the effects that are caused by the helicity-
correlated parameters of the beam [1,32]. 
Single solenoids known as Wien filter and two Wien filter spin flippers are used 




perpendicular orientations, and perpendicular to the beam. The electron passes through 
the Wien filter without deflecting since the forces of the magnetic and electric field will 
be canceled. The double Wien filter is used for the electron’s spin rotation by 90 in 
horizontal and vertical directions. The single solenoid Wien filter is used for the 
polarization modulation. Both the double Wien filter and single solenoid Wien filter are 
the reasons of the helicity flip slowing and can cancel the systematic false asymmetries, 
and while the electrons pass through the filter, the position and direction of the electrons 
stay the same due the ?⃗?  and ?⃗?  forces cancelling [34]. 
3.2.2 Beam Monitors   
 
3.2.2.1 Beam position monitor (BPM) and beam charge monitor (BCM)  
 
In the experiment, strip line monitors were used to continuously monitor the beam 
position (Figure 3-5). 24 BPMs are read in the injector beam-line and there are 23 BPMs 
in Hall C. The beam currents used were between 50 nA and 180 μA. The range of field 
free drift region was between 1.5 m and 10.5 m upstream from the target. Beam position 
and angle at the 𝐿𝐻2 target were determined using the linear least square fit of four or five 
BPMs just upstream of the target. Slow position lock was used in order to maintain the 









By accelerating the electrons in the 1.16 GeV beam and directing them to a beam-
line in order to measure the false asymmetry due to the helicity correlated changes on the 
beam properties. Hence, the beam positions differences 𝑑𝑥 are on the left 𝑄L and on the 
right 𝑄R. While the beam position in Y-axis are top 𝑄T and bottom 𝑄B. The mechanism of 
the wires is they pick up charges from the passing beam on the left versus right 
differences, which means the position relative to the center of each BPM.  
Beam charge monitors (BCMs) have doughnut-shaped cavities as shown in Figure 
3-6. When the beam moves through the center, it resonates. However, the beam charge 
monitors are on all sides top, bottom, left and right; then, calculate the sum 𝑄 = 𝑄L + 𝑄R+ 
𝑄T + 𝑄R. Both BCMs and BPMs are used to correct for false asymmetries induced in the 








The BPM (BPM3C12) that is located in the region of highest dispersion 
(horizontal position correlated with momentum (4 cm/%)) is used to maintain the helicity 




horizontal at BPM3C12 are sensitive to some properties like angle, position, and energy 
[30].   
 
3.3  Liquid Hydrogen Target 
 
The Qweak project is basically an experiment of scattering polarized electrons from 
unpolarized protons by using a liquid hydrogen target. This liquid hydrogen target is the 
highest power cryogenic target in the world to date, as it can deal with up to 2500 watts 
of heat load from the electron beam. The target distance along the path of the beam is 35 
cm [35].  
During Qweak commissioning, the target permitted to perform this experiment up 
to a luminosity of approximately 2 × 1039 𝑠−1𝑐𝑚−2. Moreover, the target is able to 
receive a maximum of 150 μA beam current. A raster is the device which evenly extends 
the electron beam at the target on a square area. Therefore, within a helicity system, this 
raster performs a full loop of movement to cancel the position dependency caused by the 
raster. By using the ionization and conductive heat losses method to warm the system in 
the liquid hydrogen and on the aluminum target windows, electrons can cross the liquid 
hydrogen cell which takes a power of 1800 W of energy around 1.155 GeV. This 
sophisticated target requires a cooling system. Thus, at Jefferson Lab, there are two 
sources of refrigeration. They are End Station Refrigerator at 15 K and Central Helium 








Figure 3-7: Schematic of the conical target designed of the Qweak experiment [36] 
 
 
3.4 Qweak Luminosity Monitors 
 
Upstream and downstream luminosity monitors are two sets of luminosity 
monitors that have been installed for the Qweak experiment. These luminosity monitors are 
located in places where the flux of the scattered electrons is higher than the main 
detectors, and which have much smaller physics asymmetry. The main purpose of 
installing the luminosity monitors is to check a zero, or null asymmetry, track LH2 target 
boiling, and determine beam position and current when BCMs and BPMs (more details 
on section 3.2.2) are running in low current.  
On the front of the main collimator, the upstream luminosity monitors (uslumi) 




helpful during the Qweak experiment in order to determine the false asymmetries 
associated with the beam background. Moreover, scattered electrons of Møller are mainly 
observed in the upstream range at 5º. At this angle, the cross section of scattered electrons 
is less sensitive to beam position and beam energy, which can be used to measure the 
LH2 target boiling and beamline backgrounds. 
In cups installed into the beampipe, the downstream luminosity monitors (dslumi) 
are installed 17 m away from the target. The downstream luminosity monitors have been 
thus extremely sensitive to the helicity- correlated beam properties than the main 
detectors and can provide a cross-check for regression. In addition, the downstream 
luminosity monitors are placed at angle of 0.5º, which both Møller and scattered elastic 
electrons can be determined from protons in the target. As a consequence, a statistical 
error in the luminosity monitor must be less than a main detector [1,37].  
 
3.5 Qweak Toroidal Magnetic Spectrometer (QTOR) 
 
The toroidal magnet is located between the target and the detectors and is 
designed to separate the elastic electrons from inelastic and Møller electrons. 
Furthermore, it only allows elastically scattered electrons from direct line-of-sight events 
in the detectors. This spectrometer consists of eight magnetic coils. The optimum in 
QTOR current to focus the elastic 𝑒 + 𝑝 events onto the detectors was found to be 8921 
A. For the N → ∆ measurement, QTOR current was reduced to 6700 A (Figure 3-8). 
Even though there were issues with the cooling of the power supply for the magnet in the 







Figure 3-8: Qweak toroidal magnetic spectrometer (QTOR) and its support frame [38] 
 
 
3.6 Triple Collimators 
 
The collimator mechanism reduces the contribution to the detector level of 
inelastic and neutral background [8]. The collimation system has three separate layers of 
lead antimony (95% of Pb and 4.5% Sb) collimators as shown in Figure 3-9. The 
scattered beam passes through triple collimators which were designed to accept 
elastically scattered electrons in the angle range 5.8° < 𝜃 < 11.6°.  Each one of these 
sophisticated collimators has its purpose: the first one is an initial cleanup collimator with 
a 15 cm thickness and is located 74 cm downstream from the target center; 14-sculptured 
apertures permit the scattered electrons to pass through the second collimator along the 
target length, the scattered electrons are blocked behind the first collimator by using a 






Figure 3-9: Qweak apparatus after installation which shows the collimators setup [36]  
 
 
The second collimator with 15 cm thickness defined the scattered electrons 
acceptance. It includes eight six-sided openings designed to allow the electrons to pass 
through. Hence, 5.8° < 𝜃 < 10.2° is the angular acceptance from the upstream end of the 
target and 6.6 < 𝜃 < 11.6 from the downstream end. The third cleanup collimator is 3.82 
m from the target with 11.2 cm thickness located at the entrance of the magnet. Also, it 
can provide some centimeters of clearance for the elastic electron profile. 
 
3.7 Beam Collimator 
 
The tungsten plug collimator was used to minimize the line of sight between the 
target and the beam pipe with a goal to decrease the main detectors backgrounds in this 
experiment. Simulation results showed that this might be achieved with a water-cooled 




aperture of the foremost upstream collimator. A 7.9 cm diameter beam collimator was 
connected to the central axis of the scattering chamber vacuum window at the upstream 
face. The beam passed through an evacuated round shape section machined out of the 




3.8.1  The Main ?̆?erenkov Detectors  
 
In this experiment, eight fused silica (quartz) detectors have been placed around 
the beam in an axially symmetric octagonal pattern with dimensions 
2 cm x 18 cm x 200 cm. After the electron scatters in the target, it generates Cerenkov 
radiation in the detectors. The rate of scattered electrons was 850 MHz in each detector 
for elastic scattering and ~ 70 𝜇Hz for inelastic scattering. By using the electronics for the 
raw current of the 16 PMTs to read out and save it for later analysis, the asymmetries 
could be extracted. This required some subtraction and beam charge normalization. 
Additionally, there are photo multiplier tubes (PMTs) on these detectors. These PMTs 
detected the Cerenkov light and are used to convert the Cerenkov light to electronic 
signals. Then, the computer analyzer can read it out and digitalize it.  
These detectors were fabricated non-scintillating low-luminescent artificial quartz 
bars. These were very radiation hard and were not sensitive to the neutral backgrounds. A 
double-layered 𝜇-metal case was used to magnetically protect every PMT. Cerenkov 
light-weighted generated by scattered electrons traveled along the quartz bar via total 
internal reflection and was collected by light guides into the PMTs (Figure 3-10). Hence, 
there were two types of reading out Cerenkov signals: high-gain 2×106 is one of them, 




described in section 3.9 below; whereas, the integrating- mode production of low-gain 




Figure 3-10: The main Cerenkov detector of the Qweak experiment in Hall C [1]  
 
 
3.9 Event Mode Detectors (Tracking System) 
 
The Qweak event mode framework was designed with four components: two types 
of detectors; horizontal wire drift chambers (HDCs) located just upstream of the QTOR 
magnet between the second and third collimator, vertical wire drift chambers (VDCs) 
located downstream of QTOR just in front of the main focal plane detectors, trigger 
scintillators, and focal plane scanner. This system is operated at 50 pA -100 nA of beam 
current. To be able to determine the four-momentum transfer squared, 𝑄2 to 0.5% in this 
experiment, a tracking system for Qweak is required, and it can help to calculate 
backgrounds and systematic experimental studies. 𝑄2 for the elastic scattering can be 











,     (Eq. 3-1) 
 
where 𝑄2 is the four-momentum transfer, 𝐸 is the energy of the incident particle, 𝑚𝑝 is 
proton mass, 𝜃 is the scattering angle.  
3.9.1 Drift Chambers 
Horizontal wire drift chambers (HDCs) included six wire planes with 32 wires 
and 33 wires in the field with an angular resolution of ∼0.6 mrad and a position of ∼200 
μm (Figure 3-11). At Virginia Tech, five HDCs were produced with the purpose of using 
four during Qweak experiment, and providing a backup. In the radial direction, each one of 
the HDCs has an active region of about 70 cm by 50 cm in the azimuthal direction, which 
consist of six planes named 𝑥, 𝑢, 𝑣, 𝑥′, 𝑢′, 𝑣′. A set of packages were installed on a rotator, 










On the other hand, the vertical wire drift chambers (VDCs) were designed by 
William and Mary collaborators, and are located directly upstream of the main detectors 
as mentioned previously. VDCs were designed with the UV orientation of two wire 
planes. These chambers were composed of 279 sensing wires and two anode wires placed 
on the ground and have an active area of 53.3 × 204.5 cm [1,33,37].  
3.9.2 Trigger Scintillator 
 
There were two trigger scintillators used in the Qweak experiment. They have been 
used as timing triggers when taking data in event mode. They are both attached to pack 
one (nicknamed Martha) and pack two (nicknamed George) of VDCs. These are located 
upstream of the main detectors, and are only used when operating at low current between 
50 pA to 100 nA. More details can be found in Katherine Myers’s dissertation [39]. 
 
3.10 Beam Polarization 
 
The uncertainty on the polarization of the electron beam provided by the polarized 
source at Jefferson Lab’s Continuous Electron Beam Accelerator Facility (CEBAF) was 
expected to be the largest systematic uncertainty in the measurement of Qweak. The 
polarization of the incident beam was measured in two different polarimeters, a Møller 
polarimeter (section 3.10.1) and a Compton polarimeter (section 3.10.2). The beam 
polarization was PRun1 = 0.859 ± 0.010 for Run 1, and it is found that PRun2 = 0.886 ± 
0.0055 for Run 2 (see Chapter 5, section 5.9 for more details). 
3.10.1 Møller polarimeter (Intrusive) 
 
A schematic of the Møller polarimeter, which measures the beam polarization 
about 2–3 times per week for the Qweak experiment, is shown in Figure 3-12. The 




measure the parity-conserving 𝑒 𝑒  asymmetry in order to measure the polarization of the 
beam to 1.5% at a low beam current between ∼2−20 μA. Moreover, it was known as an 
intrusive measurement, indicating that when polarization was measured the Qweak data 
couldn’t be collected because the iron foil intercepted the beam, making it unusable for 




Figure 3-12:  Møller polarimeter schematic at Hall C [33] 
 
 
3.10.2 Compton Polarimeter (Non-intrusive) 
 
The Compton polarimeter (Figure 3-13) uses the scattering 𝛾 𝑒 → 𝛾𝑒 to measure 
the beam polarization. Through four dipole magnets (called the chicane), the beam is 
deflected downward and back up with total length of 11.1 m. It was made of a Coherent 
Verdi 10 laser with 10 W performance at 532 nm. Additionally, the Compton polarimeter 
was a non-intrusive, indicating that when polarization was measured the Qweak data could 














At the inelastic QTOR setting of 6700 A, three datasets have been obtained. The 
main objective of data quality checks is to extract information from beam parameters. In 
other words, data quality checks are used to eliminate unstable quality beam and beam 
modulation data periods of each variable to make sure that the good data asymmetries 
will only be extracted from the highest quality data. The unsettled beam periods are 
triggered primarily by unexpected beam loss known as beam trips. So, it was an 
important step to address the quality of the inelastic datasets. Due to the poor beam 
conditions, large helicity correlated beam parameter values have been found during 
collecting the datasets, especially during Run 1. 
Beam position monitors and beam current monitors are the most important types 
of beam-line monitoring in the Qweak experiment. However, the data quality checks for 
the beam current or charge monitors (BCMs) will also be discussed in this chapter. Also, 
beam charge monitor double differences (BCMs DD), liquid hydrogen target X, Y, target 
X-Slope, Y-Slope, and beam luminosity information quality overview are included as 
well.  
In the Qweak project, many types of software packages have been used. The main 




operating system Linux. Besides all of this, data analysis has been written by using the 
C++ programming language foremost. In addition, all the outcomes are used as input into 
CERN ROOT libraries framework as leaves, Trees, and histograms and can be entered 
into a MySQL database. 
For the data quality checks in this chapter, a MySQL script has been used to 
generate the histograms for the data quality checks to analyze the data. These histograms 
and graphs would be generated for all the characteristics of the Qweak experiment. In this 
chapter, the concentration will be on the incident electron beam properties. 
 
4.2 Run 1 
 
4.2.1 Beam Charge Monitor, BCMs 
 
The detector yield was measured with beam current monitors to remove the 
fluctuation of charge and calculate the Helicity Correlated Beam Asymmetries (HCBAs). 
The beam currents used were between 50 nA and 180 μA. The range of field free drift 
region was between 1.5 m and 10.5 m upstream from the target. Furthermore, the beam 
charge monitors are on all sides top, bottom, left and right; then, calculate the sum 𝑄 = 𝑄g 
+ 𝑄f + 𝑄ê + 𝑄ü. BCMs are mainly used to correct for false asymmetries induced in the 
detector due to beam charge asymmetry and helicity correlated beam position differences.  
The Beam Charge Monitors 1 and 2 (BCM 1 & 2) are located upstream of the 
LH2 target used for the Qweak experiment. Both ABCM1and ABCM2 are the charge 
asymmetries in the beam near the target. For IN and OUT data a  
1
2
 wave plate inserted 
into laser beam generating the polarized electrons. This direction of the beam polarization 




and graphs below represent five minutes worth of data in the runlet level and with 
regression (used to correct the main detector asymmetries due to helicity correlated beam 
motion) ON, which we split one hour long runs into runlets to monitor time variation of 
beam properties. Moreover, During Run 1, the detector yields were normalized to BCM1 
and BCM2 and during Run 2, they were normalized with BCM5, BCM6, and BCM8. 
4.2.1.1 BCM-1 for run 1 
 
Beam charge monitor 1(BCM1) asymmetry graph shows the running period data 
of Run1 as shown in the Figures 4-1 and 4-2. In addition, there are some data that have 
different beam charge values. These suspect data can be caused by the different timing of 
taking the data of this experiment. IN data represents the blue color and OUT data 
represents the red one in the graphs. The BCM 1 value is – 0.1602 ppm with regression 














Figure 4-1: Data of the beam charge monitor 1 (BCM1). 
 
 
The BCM 1 asymmetry histogram for Run 1 shows the IN data in the right 
histogram with mean – 0.2271 𝜇𝐴 and OUT data with mean equal to – 0.4709 𝜇𝐴 in the 















Figure 4-2: Runlet histograms of the IN and OUT data of BCM1 each one separately.  
Figure 4-2: Runlet histograms of the IN and OUT data of BCM1 each one separately 
 
 
4.2.1.2 BCM-2 for run 1 
 
Some data of the BCM 2 have different beam charge asymmetries as shown in the 












Figure 4-3: Runlet level data of the beam charge monitor 2 (BCM2) during run 1  
 
 
The second histogram of BCM 2 (Figure 4-4) indicates independently the IN and 
OUT outputs and their features. The sum of IN readings on the right with a mean of – 
0.105 μA and the sum of OUT data on the left with a mean of - 0.470 μA through the 
















Figure 4-4: Histograms show the IN and OUT data of BCM2 for run 1 
 
 
4.3 Beam Charge Monitor Double Difference, BCM-DDs 
 
4.3.1 BCM-DD 12 for Run 1 
 
For the N Δ Run1 data, the BCM DD 12 mean value for Run1 was equal to – 
0.121 ppm, which is known as the double difference between  BCM1 and BCM2, which 
plots the difference between the charge asymmetries of BCM1 and BCM2 and shows if 
the charge asymmetry is changing near the target or not and could introduce a false 
asymmetry measured in the Qweak detectors. BCM-DDs are used for the parity violating 


















Figure 4-6 represents the IN and OUT data individually. The mean and error for BCM-
















A liquid hydrogen LH2 target has used in the Qweak experiment to allow scattering 
electrons from protons. This hydrogen target deals with up to 2500 W, which is 
considered as one of the highest power cryogenic targets in the world to date. The beam 
parameters, like target X, target Y, target X-Slope, and target Y-Slope, are used in the 
standard regression scheme to be able to extract the error of the beam asymmetry 
analysis. More details will be provided in the parity violating N Δ data analysis 
chapter. Target X and Target Y are variables of position, while target X-Slope and target 
Y-Slope are variables of angle. 
4.4.1  Target X for Run 1 
The target position X shows the IN (blue) and OUT (red) of the data. It shows two 
differences of the data set taken during different times in the experiment. Additionally, 
poor quality of the first dataset (Run 1) is shown in the graph (Figure 4-7). During taking 





electron beam helicity. Also, it is used to monitor systematic beam output effects that can 
change the asymmetry in the chamber as determined. Furthermore, HWP also has been 
removed, which is a confirmation that the half-wave plate only affects the polarization 
sign but not the magnitude. Thus, HWP removal would explain the big impact to the data 








































4.4.2  Target Y for Run 1 
 






































4.4.3 Target X Slope for Run 1 
 






































4.4.4 Target Y Slope for Run 1 
 
Figures 4-13 and 4-14 show the runlet level for target Y-Slope angle during 






























Figure 4-14: IN (blue) and OUT (red) for the measured runlet level of target Y-slope 









Table 4-1  Mean and error values for the beam parameters for Run 1 
 
Std                                                Mean and Error 
Diff_qwk_targetX 459.9 ± 19.32 nm  
Diff_qwk_targetY 459.7 ± 14.77 nm 
Diff_qwk_targetXSlope 0.015 ± 1 × 10−4 μ rad 
Diff_qwk_targetYSlope 0.0166 ± 5.5 × 10−4 μ rad 
 
 
4.4.5 Upstream Luminosity (uslumisum) for Run 1 
 
The upstream lumi has been highly helpful in estimating the backgrounds of the 
beamline. From the runlet level graph, the mean value is – 5.903 ppm. As shown, at 



























Figure 4-16: IN (blue) and OUT (red) upstream luminosity graph for run 1 
 
 
4.5 Run 2 
 
4.5.1 Beam Charge Monitor, BCMs 
 
4.5.1.1 BCM-1 for run 2 
 
The BCM1 (Figure 4-17) below demonstrates runtime information during the 













Figure 4-17: BCM 1 graph during the run 2 vs runlet level 
 
 
Figure 4-18 shows the data of BCM1 for IN and OUT data separately and their 
characteristics. It indicates, for instance, the sum IN records on the right with mean value 


















Figure 4-18: BCM 1 graph shows IN and OUT data during run 2 at the runlet level 
 
 
4.5.1.2 BCM-2 for run 2 
 
The same procedure has been implemented as the asymmetry of BCM 2 for 





































Figure 4-20: IN and OUT distribution for  BCM 2 for run 2 data 
 
 
IN and OUT data graphs reflect the mean values for both with other properties. 
The mean value of IN data is 0.0142 μA and the mean value of he OUT data is 0.01181 
μA.  
4.5.2 Beam Charge Monitor Double Difference, BCMs 
 
4.5.2.1 BCM-DD 56 for run 2 
 
The mean value of the BCM DD 56 is found to be 0.039 ppm and from 
Figures 4-1 and 4-22 the IN and OUT data, mean and its error for BCM-DD 56 for IN is 












Figure 4-21: Runlet level data of the beam charge monitor double difference 56 (BCM-















Figure 4-22: Runlet distribution for the BCM-DD 56 for run 2 
 
 
4.5.2.2 BCM-DD 58 for run 2 
 
















Figure 4-23: Runlet level data of the beam charge monitor double difference 58 (BCM-



















Figure 4-24: Runlet distribution for the BCM-DD 58 for run 2 
 
 
4.5.2.3 BCM-DD 68 for run 2 
 
Runlet level data for the BCM-DD68 during Run 2 is shown in Figures 4-25 and 













Figure 4-25: Runlet level data of the beam charge monitor double difference 68 (BCM-






























Table 4-2: BCM-DDs with mean and error values for Run 2 
 
BCM-DD MEAN & ERROR 
BCM -DD56 0.03858 ± 0.027 ppm 
BCM -DD58 0.02119 ± 0.0204 ppm 





4.5.3.1 Target X for run 2 
 






























Figure 4-28: IN and OUT histograms at the runlet level for run 2 
 
 
4.5.3.2 Target Y for run 2 
 
Figures 4-29 displays the runlet level of the target Y position measurement for 
Run 2, while Figure 4-30 shows IN and OUT histograms at the runlet level for target Y 





























Figure 4-30: IN and OUT histograms at the runlet level for target Y during run 2 
 
 
4.5.3.3 Target X slope for run 2 
 
Figures 4-31 displays the runlet level of the target X-Slope angle (μ rad) for Run 

































Figure 4-32: Target X-slope IN and OUT distribution histogram for run 2 
 
 
4.5.3.4 Target Y slope for run 2 
 
The measured runlet level of target Y-Slope angle (μ rad) for Run 2 is shown in 
Figure 4-33. The IN (blue) and OUT (red) for the measured runlet level of target Y-Slope 
angle (μ rad) for Run 2 is shown in Figure 4-34. The mean and error values for the beam 





























Figure 4-34: IN (blue) and OUT (red) for the measured runlet level of target Y-slope 




Table 4-3:  Mean and error values for the beam parameters for Run 2 
 
Std                                               Mean and Error 
Diff_qwk_targetX -104.1 ± 6.29 nm 
Diff_qwk_targetY - 21.78 ± 2.78 nm 
Diff_qwk_targetXSlope - 0.0027± 1.7 × 10−4 μ rad 
Diff_qwk_targetYSlope - 0.0008 ± 1.19 × 10−4 μ rad 
 
 
4.5.4 Beam Luminosity 
 
There are two kinds of the azimuthally symmetric beam luminosity. One of them 
called the upstream-luminosity and it is located on the main collimator's upstream side. 
The second one called downstream-luminosity and it is located very close to the beam 
dump area. These luminosities are intended to detect small-angle electrons. The 
asymmetries measured by the luminosity monitors were not low as expected and 






4.5.4.1 Upstream luminosity, uslumisum for run 2 
 
The graph in Figure 4-35 presents the data of the upstream luminosity for Run 2, 
and Figure 4-36 presents the IN and OUT data distributions for the upstream luminosity 






























Figure 4-36: IN and OUT data distributions for the upstream luminosity for run 2 
 
 
In summary, data quality checks are an essential process for any experiment. The 
objective of data quality reductions is to extract information from beam parameters with 
read-out mistakes, low beam present, uncommon fluctuations and unstable beam periods. 




monitors (BCMs), beam charge monitors double differences (BCM-DDs), beam 
parameters (target X, target Y, target X-Slope, and target Y-Slope), and beam luminosity 






CHAPTER 5  
 
DATA ANALYSIS FOR THE N   ASYMMETRY 
 
 
5.1  Introduction 
This chapter presents the analysis of the inelastic measurement of the N  
asymmetry at 1.16 GeV. To be able to measure the inelastic data, the QTOR bending 
magnet current has been reduced to 75% of its nominal value to 6700 A, which helps to 
focus more of the inelastic electrons on the main detector bars. The data in this QTOR 
range have been used to determine the inelastic background asymmetry to the elastic 
asymmetry and to the access a low energy constant 𝑑∆, which is related to hadronic parity 
violation. 
The parity violating asymmetry can be extracted from the measured asymmetry 
after correcting for the beam polarization, false asymmetries and backgrounds. In other 
words, to determine the inelastic background asymmetry, the false asymmetries need to 
be removed from the raw asymmetry using the following formula: 
𝐴𝑚𝑠𝑟 = 𝐴𝑟𝑎𝑤 + 𝐴𝐵𝐶𝑀 + 𝐴𝑏𝑒𝑎𝑚 + 𝐴𝐵𝐵 + 𝐴𝐿 + 𝐴𝑇 + 𝐴𝑏𝑖𝑎𝑠 − 𝐴𝑏𝑙𝑖𝑛𝑑.    (Eq. 5-1) 
 
where Araw is the uncorrected measured asymmetry , ABCM is a correction due to beam 
charge normalization, Abeam is the correction for false asymmetries due to helicity-
correlated beam variations, ABB is the beam background asymmetry, AL is the linearity 




is a constant blinding offset. The mechanisms and their uncertainties for determining 
each of these corrections are explained in detail below. 
The NULL asymmetries are a significant test to determine that the PV N   
corrections are accurate for false asymmetries such as beam parameters, beamline 
backgrounds, etc. To the point that these are non-zero we have to determine whether or 
not we need to assign a systematic error (see Section 5.4.4) [40]. 
The Qweak experiment's analytical framework is written from scratch using the 
C++ language. To maintain the structure extendable and independent of the real detector 
functionality, a modular method is used. Results are stored in data structures of CERN 
ROOT and in a database of MySQL.   
 
5.2  Inelastic Dataset 
 
In John Leacock's thesis [1], he wrote of three running periods for N→  at 1.16 
GeV beam energy. They called the data Sets 1, 2, and 3. At the inelastic QTOR setting of 
6700 A, three data sets were collected as shown in Table 5-1. 
 
Table 5-1: Inelastic dataset [1] 
 







Set 1 Feb 2011 Run 1 3 hours 9903 - 9908 
Set 2 Apr 2011 Run 1 48 hours 11496 - 11553 
Set 3 Dec 2011 Run 2 60 hours 14314 - 14384 
 
 
It also indicates how much running beam period was used while each dataset was 




the inelastic data-taking. In Apr 2011, the second dataset was taken with a big issue due 
to the null asymmetry (IN+OUT)/2 didn’t agree with zero. In Dec 2011, due to the issue 
with the previous dataset the third data set was taken to get a reliable N  inelastic 
measurement [1].  
 
5.3  Regression 
 
Regression is used to eliminate the false asymmetries because of the beam 
parameters and raw Čerenkov detector asymmetry generated from helicity correlated 
beam asymmetries. Regression implies a linear correlation between each parameter, X 
and Y beam position, X and Y beam angle, energy and charge asymmetry [1]. 
 
5.4  Extracting the Measured Asymmetry for N   Data 
 
The measured physics asymmetry can be determined from the main detector 
asymmetry (Amsr) and the statistic and systematic errors, with beam background, beam 
charge normalization, detector non-linearity, transverse asymmetry leakage, and PMT 
double difference bias from equation (5-1). More details are provided below for the 
analysis of the inelastic measurement on the N  asymmetry at 1.16 GeV. Before the 
Pockels cell, an Insertable Half Wave Plate (IHWP) is placed into the laser beam to flip 
the direction of laser polarization, which changed every eight hours, with eight hours of 
data taken known as a slug [1].  
5.4.1 Raw Asymmetry, Araw 
 
To determine the PHYS asymmetry for Run 1 with regression OFF, I have taken 




the total average, I added up the (IN + OUT)/2 which gives the total average value of as 
shown in the graph below, 


















Figure 5-1: Araw can be extracted from the averaged asymmetry main detectors bars 
(MDALLbars) vs the run numbers with the data correction histogram for run 1 
 
 
Also, to extract the PHYS asymmetry for Run 2, I have used the same procedure as 
Run 1 and found a value of, 
Run2:  Araw  = − 0.685 ±  0.17 ppm.          (Eq. 5-3) 
 
Figure 5-2 illustrates that Araw can be extracted from the averaged asymmetry 
main detectors bars (MDALLbars) vs the run numbers with the data correction histogram 


























Figure 5-2: Araw can be extracted from the averaged asymmetry main detectors bars 
(MDALLbars) vs the run numbers with the data correction histogram for run 2 
 
 
5.4.2  Beam Current Monitor Asymmetry, ABCM 
 
The current of the beam was determined non-invasively by using radiofrequency 
resonant cavities, which allows an accurate measurement of the beam charge in each 
helicity state. During Run 1, there were two beam current monitors (BCMs) used, 
whereas during Run 2, three BCMs were used after an extra monitor was installed and 
digital demodulation electronics improved (Figure 5-3). 
For the ABCM extraction, ABCM is 0 by definition due to the integrated detector 
signals are normalization to the average BCM signals in each timeframe with an 
associated BCM error on it.  Also, the beam charge monitor double-differences (BCM-
DDs), which are the difference between two charge asymmetries in same place, can 
determine the estimate on the error of ABCM. Tables 5-2 and 5-3 show the values the 


















Figure 5-3: Raw physics asymmetries demonstrating the differences between BCM 
normalizations for run 1 and run 2 by Wien. The normalization BCMs include charge, 




Table 5-2: BCM-DD 12 mean and error values to estimate the error of ABCM for Run 1 
 
Level BCM-DD 12 𝝌𝟐/ ndf 




Table 5-3: BCM-DD 56, BCM-DD 58, and BCM-DD 68 mean and error values to 
estimate the error of ABCM for Run 2 
 
BCM-DD Value 𝝌𝟐/ ndf 
BCM-DD 56 0.039 ±0.027 ppm 131.8/109 
BCM-DD 58 0.0212 ± 0.02  ppm 134.4/109 




5.4.3 Helicity-Correlated Beam Properties, ABeam 
 
In the features of the electron beam, the Abeam correction considered for remaining 
non-vanishing helicity-correlated differences or asymmetries. Thus, beam motion 




regression correction by taking the differences between the Araw asymmetry with 
regression OFF (see section 5.3) to the Araw asymmetry regressed value (ON) as the 
following,  
Abeam = Amsr = Areg
ON  −  Areg
OFF.             (Eq. 5-4) 
 
The resulting corrections for both Run 1 and Run 2 are shown in Table 5-4. Both 
corrections are regarded to be small corrections. The error on the quantity is estimated by 
looking at the variation of AMDALL for different regression sets looked at different BPM’s. 
Figures 5-4 and 5-5 illustrate Variation of Amsr vs different regression sets for Run 1 and 
Run 2. 
 
Table 5-4: ABeam correction values for Run 1 and Run 2 respectively 
 
 Run 1 Run 2 









































Figure 5-5: Variation of Amsr vs different regression sets for run 2 
 
 
5.4.4  Beamline Background Asymmetry, ABB 
 
A false asymmetry is produced by minor effects scattered from the beamline and 
also from the tungsten beam collimator. It has been observed that asymmetry in the 
upstream luminosity monitors becomes highly correlated with the asymmetry measured 
in the main detectors. During accelerator improvements between Run 1 and Run 2 the 
tungsten shutters were installed. In another words, the largest decrease in background 
beamline was related to the tungsten collimator installed inside the first collimator. This 
collimator absorbed small quantities of scattered electrons from the small angle events 
immediately downstream of the target, before interacting with the Qweak apparatus. Thus, 
the asymmetry of the beamline background was first determined through portable 
tungsten shutters. These shutters had to be properly prepared so that data on output 
quality would not be collected when they were installed. Just a few experiments were 




also done to research how the background changed over the whole run of the experiment. 




,                 (Eq. 5-5) 
 
Moreover, if the value of (IN + OUT)/2 is not consistent with zero so systematic 
effects are likely to shift the dataset. For the beamline background asymmetry extraction, 
main detector all bars (MDALLBARS) values in ppb have been plotted vs. the upstream 
luminosity monitors (USLUMISUM) values in ppm to determine the correlation. The 
correlation of MDALLBARS (ppb) vs. USLUMISUM (ppm) asymmetries and the slope is 




Figure 5-6: Histogram showing the correlation of MDALLBARS (ppb) vs. USLUMISUM 
(ppm) asymmetries for run 1 at the slug level. 
 
 
Then, I multiply the upstream luminosity (USLUMISUM) asymmetry to the slope 
value of MDALLBARS: 59 ± 8 ppb/ppm in order to extract the final number for the 






                            AUSLUMI, CORRECTION = USLUMI × slope MDALLBARs,       Eq. 5-6) 
 
    Auncorrected MDALLBARs = AMDALLBARs - AUSLUMI, CORRECTION,      (Eq. 5-7) 
 
AMDALLBARs, CORRECTION = Auncorrected MDALLBARs × sign corrected.   (Eq. 5-8) 
 
As a result, the beamline background asymmetry correction resulting is,  
 
Run 1:  ABB =  0.518 ±  0.24 ppm.    (Eq. 5-9) 
 
Figure 5-7 shows the plot representing Amsr after ABB correction (AUSLumi,sum × 
slope of AMDallbars vs AUSLumi,sum) for Run 1. The  ABB correction for MDAllBARS (ppm) 
with regression ON for Run 1 are illustrated in Figure 5-8.  The comparison between the 

















Figure 5-7: Plot representing Amsr after ABB correction (AUSLumi,sum × slope of AMDallbars 
































Figure 5-8: ABB correction for MDAllBARS (ppm) with regression ON for run 1 
 
 
Table 5-5: Comparison between the ABB correction and without the correction 
 
 Aphys ANull 
NO correction - 1.36 ± 0.22 ppm - 3.2 ± 0.24 ppm 
With ABB Correction - 0.81 ± 0.34 ppm -0.41 ± 0.34 ppm 
 
 
Thus, after underestimating the errors on the NULL asymmetries, a simple 
average of the errors was applied for IN and OUT, rather than a weighted average of the 
errors. It is a good measure of beam quality if ANULL → 0. Aphys is showing the ABB is 
− 1.36 ±  0.22 ppm without correction from Figure 5-1 while ANull is − 3.2 ±  0.24 
ppm which is about ~13 𝜎 from 0. However, for the ABB resulting with correction can be 
extracted from Figure 5-8 which shows that Aphys is − 0.81 ±  0.34 ppm and ANull is 
− 0.41 ±  0.34 ppm and it is about ~ 0.5 𝜎 from 0. According to all the above results, it 




effect in Run 1 which brings the null check consistent with zero for the analysis of the 
inelastic measurement on the N Asymmetry at 1.16 GeV. For this project, it is a huge 
accomplishment since we have retrieved 51 hours of data from a total of 111 hours (see 
Table 5-1), which is about 40 % of the inelastic data. 
For Run 2, we have followed the same procedure as Run 1. Thus, the beamline 
background asymmetry correction is,  
Run 2: ABB =  0.093 ±  0.194 ppm.    (Eq. 5-10) 
 
Figure 5-9 presents a histogram showing the correlation of MDALLBARS (ppb) 
vs. USLUMISUM (ppm) asymmetries for Run 2 on the slug level. The Amsr after ABB 
correction (AUSLumi,sum × slope of AMDallbars vs AUSLumi,sum) for Run 2 is presented in 
Figure 5-10.  The ABB correction for MDAllBARS (ppm) with regression as ON for Run 




Figure 5-9: Histogram showing the correlation of MDALLBARS (ppb) vs. USLUMISUM 
















































Figure 5-11: ABB correction for MDAllBARS (ppm) with regression ON for run 2 
 
 
From Table 5-6, we can notice that without the ABB correction (Figure 5-2), 




with 0 for Run 2. Moreover, with ABB correction, APHYS is − 0.64 ±   0.27 ppm and 
ANULL is − 0.12 ±   0.27 ppm which is also consistent with 0. 
 
Table 5-6: Comparison between the ABB correction and without the correction for 
Run 2 
 
 APHYS ANULL 
NO correction - 0.74 ± 0.18 ppm - 0.16 ± 0.18 ppm 
With ABB Correction - 0.64 ± 0.27 ppm - 0.12 ± 0.27 ppm 
 
 
5.4.5  Linearity Asymmetry, AL 
 
An integration test bed for describing the linearity of the PMT was developed. In 
Qweak, PMT linearity studies have been done using a system with DC and AC light 
emitting diodes (LEDs). A picoammeter to determine the cathode current of the 
photodetector and a frequency converter voltage (V / F) to track the AC reaction of the 
photodetector as the sum of DC light varied [1]. 
Few tests have been done with different colors at different frequencies to form a 
relationship between the detector output voltage and the nonlinearity present in the 
electronics chain since   the detector voltage corresponds linearly to the beam signal. To 
extract the nonlinearity asymmetry, we need to determine the detector read-out (low-
noise voltage-to-current preamplifier and analogue-to-digital converter) during 1.16 GeV 
running and use the voltage scans developed by Wade Duvall, which shows the signal 
voltage scans (as shown in Figure 5-12) were conducted from 1-8 V for a range of high 
voltage PMT settings [41] to extract the detector nonlinearity 𝑥 =  0.7 ±  0.5 %, which 
was then multiplied by the raw asymmetry, Araw to determine the AL for both Run 1 and 









Figure 5-12: 850V signal voltage scan was performed from 1-8 V for a range of high 
voltage PMT settings to determine AL [41] 
 
 
Furthermore, an inflated 0.5% error on the nonlinearity was applied. Thus, the 
false asymmetry due to detector nonlinearity for the 1.16 GeV running: 
 Run 1:   0.0020 ±  0.001 ppm,   (Eq. 5-12) 
 
 Run 2:       0.001 ±  0.0009 ppm.    (Eq. 5-13). 
 
5.4.6  Transverse Asymmetry, At  
 
The magnitude of the longitudinal component of the polarization vector defines 
the longitudinal polarization of the low energy electron beam. If the polar angle in the 
experimental room is not equal to zero between the polarization vector and the Z 
direction, a transverse polarization element would appear [1].  
What is a transverse leakage? The main detector array's imperfect symmetry 




transverse asymmetry (AT) leakage into the measured parity violation PV asymmetry 
[43]. 
Paul King has presented an analysis of the transverse asymmetry leakage error 
into the full Run 1 and Run 2 asymmetry [44] as shown in Table 5-7 by taking a single 
(see section 3.2.1 for more details) averaged horizontal and vertical polarization for each 
run period, weighting the Wien-based polarizations by their errors. The horizontal and 
vertical polarization errors are linked to the main detector (MD) PMT average asymmetry 
obtained from the MD asymmetries, so the contributions of each Wien to the leakage in 
the longitudinal asymmetry result have relative significance to their importance. 
 
Table 5-7: Transverse asymmetry values of Run 1 and Run 2 
 
𝐓𝐫𝐚𝐧𝐬𝐯𝐞𝐫𝐬𝐞 𝐀𝐬𝐲𝐦𝐦𝐞𝐭𝐫𝐲 RUN 1 RUN 2 
AT 0 ± 0.032 ppm 0 ± 0.012 ppm 
 
 
Realizing that in both Run 1 and Run 2, the horizontal and vertical polarizations 
have opposite signs and comparable magnitude, so there is some cancelation of the error 
contribution from the "leakage." 
5.4.7 Rescattering Bias Asymmetry, Abias 
 
A systemic error was found after data had been collected from the experiment. 
This systemic error is known as a rescattering bias. As mentioned previously, a 
longitudinally polarized scattered electrons travel through the magnetic field has its spin 
precessed and become transversely polarized by about 50 %, which makes the electrons 
to produced showers in the lead preradiators. This lead (Pb) has a large asymmetry 




photomultiplier tubes (PMTs) placed on the main detector [41]. In another words, the 
transverse polarized scattering electron, PT from the lead has a large analyzing power, 
which coupled with the detector imperfection and different attenuation properties results 
in,  
AL,PMT ≠ AR,PMT             (Eq. 5-14) 
 
Figure 5-13 shows the photomultiplier tube PMT DD results for each octant and 
the average for Run 1 for the N → ∆ with regressions ON and OFF respectively. The 
photomultiplier tube PMT DD results for each octant and the average for Run 2 for the N 
→ ∆ with regressions ON and OFF respectively is presented in Figure 5-14. 
Now, we need a model of 𝑒𝑇-Pb scattering and detailed detector light response 
through simulation, which will introduce Abias. The Abias is smaller than the weak charge 
case according to David Armstrong’s results [45]. There are two reasons, however, for 
Abias to be different from the weak charge case for the N case. First, there is a 
different flux distribution on the detector bar face. Second, the precession of scattered 
electron spin is different as well due to a different scattered electron energy. The Abias for 
Run 1 and Run 2 was found to be: 







(a) PMT DD with regressions ON,                       (b) PMT DD with regressions OFF,              
Figure 5-13: Photomultiplier tube PMT DD results for each octant and the average for 
run 1 for the N → ∆ with regressions ON and OFF respectively 
 
 
(a) PMT DD with regressions ON,                       (b) PMT DD with regressions OFF,              
 
Figure 5-14: Photomultiplier tube PMT DD results for each octant and the average for 
run 2 for the N → ∆ with regressions ON and OFF respectively 
 
 
5.4.8 Blinding Factor Asymmetry, Ablind 
 
A blinding factor has been used in the Qweak experiment to eliminate bias in the 
corrections are made to this dataset like any theoretical model precision checks. In 
addition, it helps to avoid any bias from accessing the analysis. Two reasons for not 
applying the blinding factor; beam is less than 1 𝜇A, or the target is other than LH2. 
Blinding term relative sign is changed depending on IHWP condition like, Wien context, 




Since the blinding factor is an imposed value, so there is no error bar on it, and 
according to Paul King’s result [46] the  
Run 1:    Ablind = − 0.025 ±  0 ppm,        (Eq. 5-16) 
 
Run 2:    Ablind =  0.007 ±  0 ppm,         (Eq. 5-17) 
 
 
Table 5-8: Summary of false asymmetries for N  analysis at 1.16 GeV 
 
False Asymmetries Run 1 
 
Run 2 
𝐴𝑟𝑎𝑤  -1.36 ± 0.22 ppm - 0.685 ± 0.17 ppm 
𝐴𝑏𝑐𝑚 0 ± 0.040 ppm 0 ± 0.030 ppm 
𝐴𝑏𝑒𝑎𝑚 0.04 ±  0.003 ppm - 0.052 ± 0.086 ppm 
𝐴𝐵𝐵 0.518 ± 0.24 ppm 0.093 ± 0.194 ppm 
𝐴𝐿 0.002 ± 0.001 ppm 0.0010 ±  0.001 ppm 
𝐴𝑇 0 ± 0.032 ppm 0 ± 0.012 ppm 
𝐴𝑏𝑖𝑎𝑠 0.004 ± 0.005 ppm 0.0035 ±  0.0024 ppm 
𝐴𝑏𝑙𝑖𝑛𝑑 - 0.025 ± 0 ppm 0.007 ± 0 ppm 
 
 
5.4.9 Final Measured Asymmetry, Amsr 
 
Now, the measured asymmetry, Amsr can be extracted using equation (5.1) since all 
corrections of the false asymmetry have been determined in the previous sections, 
                                 Run 1:   Amsr = − 0.770 ±  0.33  ppm,         (Eq. 5-18) 
 
                               Run 2: Amsr = − 0.645 ±  0.26 ppm.        (Eq. 5-9) 
 
 





Previously, the analysis of the N →  measured asymmetry Amsr has been 
analyzed in section 5.4 to achieve the completely corrected electron proton asymmetry 
Aep without the beam polarization correction, the impacts of different background 
processes, electromagnetic radiative corrections, and finite detector acceptance. This is 
done by using the following formula to extract the electron-proton physics asymmetry for 
the N→ ∆ exitation:  
𝐴𝑒𝑝 =  𝑅𝑡𝑜𝑡 
𝐴𝑚𝑠𝑟
𝑃
 −∑ 𝑓𝑖 𝐴𝑖𝑖=1−4,
1−𝑓𝑡𝑜𝑡
,          (Eq. 5-20) 
 
where Rtot is a combination of related radiative corrections, P is the polarization, 𝐴𝑖 are 
the background asymmetries and the 𝑓𝑖 are background dilutions. 
 
5.6 Background Asymmetries 
 
5.6.1  Inelastic Background Asymmetries, 𝐴𝑒𝑝 
 
Determination of  Ael, by scaling the elastic asymmetry via 𝑄
2 down to the N → 
 𝑄2 to determine the Aep elastic asymmetry contribution to the N →  asymmetry.  




2 ) ×  Ael.                  (Eq. 5-21) 
 
So, the elastic asymmetry Ael = − 0.227 ±  0.0093 ppm, Q8921
2  =  0.0248 ±
 0.0001 GeV2 with a 0.45% error, and Q6700
2  =  0.0208 ±  0.0001 GeV2 with a 0.45% 
error [47]. Now, the scaled electron–proton asymmetry is given by [48], 
       Aep = − 0.190 ±  0.008 ppm.                               (Eq. 5-22) 
 
5.6.2  Aluminum Background Asymmetry, 𝐴𝑎𝑙 
 
Since the aluminum is part of the liquid hydrogen target, there is an aluminum 
contribution, which is considered as a large background contribution to the measured 




windows contribute about 4% of the overall events [2]. Using this 𝑄2 ratio to measure the 
corrected regressed physics asymmetry from extracted polarization gives an Al N 
asymmetry with an estimation of 71.44 % and is dominated by statistics [49], 
       Aal =  1.61 ±  1.145 ppm.                 (Eq. 5-23) 
 
5.6.3  Neutral Background Asymmetry, 𝐴𝑛𝑡 
 
Trigger scintillators are used to determine the neutral signal by identifying the 
scattered electrons passing through the detectors in event mode (see section 3.9.2 for 
more details). Simulation has been done to extract the neutral background asymmetry, 
𝐴𝑛𝑡 [50],  
Ant = − 0.306 ±  0.12 ppm.                 (Eq. 5-24) 
 
5.6.4  Pion Background Asymmetry, 𝐴𝑝𝑖𝑜𝑛 
 
At the elastic point, the pion fraction of the signal is small, however increases at 
the inelastic peak. Determination of Apion, the 𝑄
2 for the inelastic electrons in the 
acceptance is 0.075 GeV2  
By calculating the measured pion asymmetry at the inclusive electron 𝑄2 of 0.075 
GeV2 with 𝑄2 = 0.021 GeV2 at 1.16 GeV. So, the pion background asymmetry (Table 
5-9) is found to be [51],  







Table 5-9: Descriptions of the physics background asymmetries and their values 
 
            Background Asymmetries Value 
Elastic background asymmetry                           Aep − 0.190 ± 0.0079 ppm 
Aluminum background asymmetry                        Aalum 1.61 ± 1.149 ppm 
Neutral background asymmetry                         Ant − 0.306 ± 0.12 ppm 
Pion background asymmetry                                Apion 7.10 ± 2.51 ppm 
 
 
5.7  Background Dilutions 
 
The background dilutions are one of the corrections that is needed to be able to 
extract the N →  asymmetry.  
𝑓𝑡𝑜𝑡 = 𝑓𝑒𝑝 + 𝑓𝑎𝑙𝑢𝑚 +𝑓𝑛𝑡 + 𝑓𝑝𝑖𝑜𝑛 + 𝑓𝐵𝐵.                 (Eq. 5-26) 
 
where 𝑓𝑡𝑜𝑡 is the total background dilution to the signal, 𝑓𝑒𝑝 is the elastic background 
dilution, 𝑓𝑎𝑙𝑢𝑚 is the aluminum background dilution, 𝑓𝑛𝑡 is the neutral background 
dilution, 𝑓𝑝𝑖𝑜𝑛 is the pion background dilution, and  𝑓𝐵𝐵 is the beam background dilution. 
𝑓𝑒𝑝,  𝑓𝑎𝑙𝑢𝑚, and 𝑓𝑝𝑖𝑜𝑛 are obtained from the simulation that has been done by Hend 
Nuhait [52]. In addition, 𝑓𝑒𝑝 is a large dilution and thus, much effort was put into 
simulations vs. QTOR to reduce the uncertainty on 𝑓𝑒𝑝 (see section 2.3.2 for more 
details). Simulations were analyzed to extract the neutral signal dilution factor for the 
liquid hydrogen target, 𝑓𝑛𝑡 by Martin McHugh [53]. The dilution factor for beamline is 
known as the ratio of the blocked-octant background signal and the unblocked-octant 
signal + background, determined after elimination of the collimator plug. See Katherine 
Myers dissertation for more details [54].   







Table 5-10: Descriptions of the physics backgrounds dilution factors and their values 
 
                      Dilution Factors Value 
Elastic background dilution                          𝑓𝑒𝑝 0.7242 ± 0.003621 % 
Aluminum background dilution                       𝑓𝑎𝑙𝑢𝑚 0.0358 ± 0.000179 % 
Neutral background dilution                        𝑓𝑛𝑡 0.024 ± 0.02 % 
Pion background dilution                               𝑓𝑝𝑖𝑜𝑛 0.0068 ± 0.00044 % 
Beam background dilution                           𝑓𝐵𝐵 0.0197 ± 0.008 % 
 
 
5.8 Multiplicative Factors 
 
As a final step to extract the Ainel, multiplicative factors have to be applied. 
Equation (5-27) shows the total multiplicative correction, 
𝑅𝑡𝑜𝑡 = 𝑅𝑑𝑒𝑡𝑅𝑟𝑐𝑅𝑎𝑐𝑐𝑅𝑄2,          (Eq. 5-27) 
 
where 𝑅𝑑𝑒𝑡 is the light-weighting correction factor for 𝑄
2. 𝑅𝑟𝑐 is the electromagnetic 
(EM) radiative correction to Amsr, 𝑅𝑎𝑐𝑐 is the acceptance correction factor, 𝑅𝑄2 is a 
correction of the experiment central 𝑄2.  For the main measurement, the light weighted 
component, 𝑅𝑑𝑒𝑡 is determined by taking the 𝑄
2 ratio of the non-light weighted and light 
weighted 𝑄𝐿𝑊
2  quantities.  Hence, the light weighting implies that every variable in the 𝑄2 
output is weighted proportionally to the total of the light seen in the two PMTs. By using 
the tracking-system drift chambers to estimate the detector’s analogue response and the 




2 ,                    (Eq. 5-28) 
 
A simulation of Geant3 was used to determine the electromagnetic radiative 
correction factor, 𝑅𝑟𝑐. For the acceptance correction factor, 𝑅𝑎𝑐𝑐 , an acceptance averaged 




correction of acceptance changes the average over 𝑄2 to a value for the average 𝑄2 




,               (Eq. 5-29) 
 
Table 5-11 shows all the values of the multiplicative factors. 
 
 
Table 5-11: Total multiplicative factors, 𝑅𝑡𝑜𝑡 results for both Run1 and Run 2 
[56,57,58]. 
 
               Multiplicative Factors Value 
Light-weighting correction                                        𝑅𝑑𝑒𝑡 0.9811 ± 0.0022 
           Electromagnetic radiative correction               𝑅𝑟𝑐 1.01 ± 0.005 
           Acceptance correction factor                           𝑅𝑎𝑐𝑐 1 ± 0.01 
           𝑄2 correction                                                   𝑅𝑄2 1 ± 0.0045 
 
 
5.9  Beam Polarization, P 
 
During the Qweak experiment, Møller and Compton are two kind of polarimeters, 
which were used to measure the polarization (see section 3.10 for more details). 
According to Paul King’s [59] results for the beam polarization, 
PRun1 =  0.8585 ±  0.010,           (Eq. 5-30) 
 
PRun2 =  0.8860 ±  0.0055.           (Eq. 5-31) 
 
These results are needed for Equation (5-20) to determine the Ainel for both Run1 
and Run2.  
 
5.10 Four Momentum, 𝑸𝟐 
 
The inelastic four momentum transfer 𝑄2 (Equation 3-1) of the interaction is 




was used to determine the different kinematical value with an error of 0.45% as 
mentioned previously and independently corrected for each run. Moreover, due to the 
factor of  106 difference in the beam current, 𝑄2was not determined at the same 
conditions as the asymmetry (Figure 5-15). It is used to decrease the hadronic corrections 
required to obtain the final value for this measurement. According to Valerie Gray’s 
analysis [55], inelastic four momentum transfer is,  











5.11 Final Inelastic Asymmetry, Ainel 
 
The final parity-violating asymmetry that results only from inelastic electron-
proton scattering can now be extracted using equation (5.1), 
Run1: 𝐴𝑚𝑠𝑟= − 1.36 + 0 + 0.04 + 0.518 + 0.002 + 0 + 0.0043 − (−0.0254) ppm,   (Eq. 5-33) 
 
Run2: 𝐴𝑚𝑠𝑟= −0.685+ 0 +(−0.052) + 0.093 + 0.0011 + 0 + 0.0043 − 0.0067 ppm. (Eq. 5-34) 
 
Now, the total the physics backgrounds dilution factors and the total 
multiplicative factors from Tables 5-10 and 5-11 can be written respectively,  
𝑓𝑡𝑜𝑡 = 0.8105,              𝑅𝑡𝑜𝑡 =  0.9909 .                       (Eq. 5-35) 
 
Then, we have the other parameters like polarization, background dilutions, 
background asymmetries, and multiplicative factors from equation (5.20) to extract the 
total inelastic asymmetry for both Run 1 and Run 2,  





,             (Eq. 5-36) 
 
𝑓𝑒𝑝𝐴𝑒𝑝= − 0.1375, 𝑓𝐴𝑙𝐴𝐴𝑙= 0.0576,  𝑓𝑛𝑡𝐴𝑛𝑡 = − 0.00734 , 𝑓𝑝𝑖𝑜𝑛𝐴𝑝𝑖𝑜𝑛= 0.0482, (Eq. 5-37) 
 
Thus, the final results of the inelastic asymmetry for both Run 1 and Run 2 can be 
written,  
Run1:     Ainel = − 4.758 ± 2.25 ( 1.34 (stat.) ± 1.79 (sys.)) ppm,   (Eq. 5-38) 
 
Run2:   Ainel = − 3.604 ± 1.748 ( 1.0033 (stat.) ± 1.432 (sys.)) ppm.    (Eq. 5-39) 
 
The total inelastic asymmetry for both Run 1 and Run 2 combined is, 
 
Total:     Ainel = − 3.91  ± 1.51 ( 0.80 (stat) ± 1.27 (syst)) ppm.   (Eq. 5-40) 
 
The systematic error on the total asymmetry combining the asymmetries from 
Run 1 and Run 2 includes the correlations between the systematic errors in beam and 






RESULTS AND DISCUSSIONS 
 
 
The parity-violating (PV) asymmetry in the N→∆ transition is one of many 
ancillary measurements performed using the Qweak apparatus. A brief summary will be 
presented in this chapter about the data quality check, data analysis of the N→∆ inelastic 
measurements, and 𝑑∆ extraction, and the physics implications of the PV N→∆ 
asymmetry measurement. 
 
6.1.  N→∆ Inelastic Measurements 
 
In Chapter 5, the analysis of PV N→∆ asymmetry measurements were described 
at low 𝑄2. After corrections for beam polarization, false asymmetries and backgrounds, 
the PV asymmetry may be extracted from the measured asymmetries. Hence, the final 
inelastic asymmetries at 1.16 GeV were found to be: 
Ainel,Run1 = - 4.49 ± 1.34 (stat) ± 1.79 (sys) ppm,  (Eq. 6-1) 
 
Ainel,Run2  = - 3.60 ± 1.003 (stat) ± 1.43 (sys) ppm,   (Eq. 6-2) 
 
Ainel,total = - 3.91 ± 0.80 (stat) ± 1.27 (syst) ppm.   (Eq. 6-3) 
 
The systematic error on the total asymmetry combining the asymmetries from 
Run 1 and Run 2 includes the correlations between the systematic errors in beam and 




6.2. 𝒅∆ Extraction 
 
To extract a value of 𝑑∆ from this plot, the entire space of the plot in Figure 6-1 
was pixelized. By determining the vertical distance of the asymmetry value from the 
𝑑∆= 25 𝑔𝜋 curve from Zhu et al. within this space, we were able to determine the value of 
𝑑∆ corresponding to the experimentally determined asymmetry. 
The PV N→∆ asymmetry is sensitive to the Siegert term in the kinematics of 
inelastic asymmetry measurement which may not vanish at 𝑄2 = 0. Hence, the final 
baryon resonance saturation value of 𝑑∆ is found to be [15,60], 
𝑑∆ (1.16 GeV) = [26 ± 18 (stat) ± 29 (syst) ± 3 (theory)] 𝑔𝜋, (Eq. 6-4) 
 
In addition, G0 has published a value of 𝑑∆ at 𝑄
2 = 0.0032 GeV2 as, 
 
𝑑∆(G
0) = (8.1 ± 23.7 ± 8.3 ± 0.7) 𝑔𝜋,   (Eq. 6-5) 
 
All measurements have 𝑑∆ consistent with zero within errors. The Zhu model that 
generated the curves on the plot, 𝑑∆ comes from a multi-quark interaction within the 
nucleon (the photon couples to a weak interaction between at least two quarks inside the 
nucleon (see Figure 2-6 in Chapter 2). The G0 experiment result was dominated by a 
photon creating a 𝜋− off the neutrons in the LD2 target, 
𝛾 +  𝑛 →  𝑝 + 𝜋−.              (Eq. 6-6) 
 
and thus, it shows a different reaction. Since the quark structure of the neutron is different 
than the quark structure of the proton, there is no reason to believe that 𝑑∆ from the 





6.3 Physics Implication 
 
The inelastic PV N→∆ asymmetry value can be used to explore new physical 
quantities from the SM. Hence, this PV measuring asymmetry can be used to determine 
𝑑∆. As presented in Chapter 2, the existence of an electric dipole coupling at the vertex 
allows the parity-violating asymmetry to be non-zero at 𝑄2= 0. 
A puzzle occurs in the decay of polarized hyperons in the angular distribution. At 
the 10% level, the breaking of SU(3) contributes to a non-vanishing asymmetry. 
However, parameters of asymmetry in the ∆S = 1 (strangeness changing) channel are 
found to be 5 times larger and give an opposite sign than what SU(3) symmetry breaking 
suggests. A dynamical solution is found that heavy 
1− 
2
 intermediate state resonances that 
couple to the hyperon and daughter nucleon, which puts the theoretical solution closer to 
experimental value [29]. The matrix element that drives this dynamical model is 𝑑∆. 
The authors of [19] used a similar model to predict values of 𝑑∆ in the ΔS =
0 (strangeness conserving) channel that were also larger than what SU(3) symmetry 
breaking predicts.   Thus, the dynamics in the ΔS = 0 channel must be different than in 
the  ΔS =1 channel since 𝑑∆ is shown to be experimentally small in the ΔS = 0 channel.  
Figure 6-1 shows the different curves as adopted from S.-L Zhu [19], which 
represent the asymmetry size for differing 𝑑∆ values as a function of 𝑄
2 for the inelastic 
asymmetry analysis. The Qweak 𝑑∆ result at 1.16 GeV (red value) is the main focus in this 
dissertation. To extract a value of 𝑑∆ from this plot, the entire space of the plot was 
pixelized. By determining the vertical distance of the asymmetry value from the 𝑑∆ = 25 
𝑔𝜋 curve from Zhu et al. within this space, I was able to determine the value of 𝑑∆ 






Figure 6-1: The parity-violating asymmetry in the N → ∆ transition as a function of 𝑄2 
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